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Abstract
Phytoplankton play a unique role in the marine ecosystem as the basis of the marine food-web. They
are the main drivers of the biogeochemical cycles in the ocean, as well as influencing the ocean-
atmosphere exchanges of carbon dioxide and particular gases and particles. Based on these exchanges,
phytoplankton influence the chemistry of atmosphere and the balance of global climate. Moreover,
through interaction with light (absorption and scattering), phytoplankton have significant a impact on
the underwater optics, being also responsible for the variations in ocean color. However, performing
all these roles depends significantly on the type of phytoplankton, as indeed they comprise of a wide
range of species and groups, with different capabilities and different distribution patterns in the World
Ocean. Therefore, distinguishing between different types of phytoplankton is important to improve
the knowledge of their actual roles in the ocean and climate system. As the spectral patterns of light
absorption (essential for photosynthesis) vary among different groups of phytoplankton, the backscat-
ter light from ocean preserves the spectral fingerprints of the inhabitant groups of phytoplankton. This
feature can be used to determine remotely different types of phytoplankton.
The purpose of this PhD-work was to improve a phytoplankton retrieval method, which was es-
tablished to distinguish quantitatively major phytoplankton groups based on their absorption charac-
teristics. The method, called PhytoDOAS, uses high spectrally resolved satellite data, provided by
SCIAMACHY sensor. So far, by applying PhytoDOAS method to SCIAMACHY data, two main phy-
toplankton groups, diatoms and cyanobacteria, have been successfully distinguished. Through this
work the method was improved to detect additionally coccolithophores, another important taxonomic
group with significant biogeochemical functions. In this improvement, instead of the usual approach
of the PhytoDOAS, which was based on single-target fitting, the simultaneous fitting of a certain set
of phytoplankton groups was implemented within a wider wavelength window, thereby the new ap-
proach is called multi-target fit. Selection of the set of phytoplankton targets was according to the
spectral analysis of absorption features of those groups that are most important with respect to the
principal biogeochemical impacts, based on which marine microalgae are grouped as phytoplankton
functional types, PFTs.
The improved method was successfully tested through detecting independently reported blooms
of coccolithophores, as well as by comparison of PhytoDOAS coccolithophores with global distribu-
tions of Particulate Inorganic Carbon (PIC), which is used as a proxy of coccolithophores. As the
next step of this PhD-work, the results of the improved PhytoDOAS method were used to investigate
temporal variations of coccolithophore blooms in selected regions. Eight years of SCIAMACHY data,
from 2003 to 2010, were processed by the PhytoDOAS triple-target mode to monitor the biomass of
coccolithophores in three oceanic regions, characterized by the frequent occurrence of large blooms.
Then the PhytoDOAS results, as monthly mean time-series, were compared to appropriate satellite
products, including the total phytoplankton biomass (total chl-a) from GlobColour data-set and the
PIC distribution from MODIS-Aqua.
To study the dynamics of coccolithophore blooms, the variations of coccolithophores, overall chl-a
and PIC, as monthly mean time series, were investigated in the context of variations in the main oceanic
geophysical parameters: sea-surface temperature (SST), mixed-layer depth (MLD) and surface wind
speed. As a general result, it was observed that the inter-annual variations of the coccolithophore
bloom cycles followed well the respective variations in the mentioned geophysical parameters, as
they have been reported being associated with coccolithophore blooms. Observed anomalies were
investigated based on the specific regional features of the geophysical conditions.
Using the results of regional time series, the hypothesis that close coccolithophore blooms suc-
ceed the diatom blooms was roughly approved, suggesting, however, a weekly-based averaging of
coccolithophores and diatoms for a more precise analysis. It has been frequently reported that high
reflectance from surface waters in coccolithophore rich areas affects the performance of standard chl-a
algorithms. The regional time series studies of this thesis indicated an underestimation of total chl-
a by the standard algorithm during the time of coccolithophore blooms. However, a comprehensive
validation of the ocean color algorithms with in-situ phytoplankton data is needed to reach the final
assessment of the short-comings.
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Figure 1.1: A simple scheme of the major biogeochemical cycles in ocean, including the role
of phytoplankton in ocean’s carbon cycle and marine food web. Courtesy to U.S. Depart-
ment of Energy Genomic Science program (http://genomicscience.energy.
gov).
(Moderate Resolution Imaging Spectroradiometers, Terra/2000-present and Aqua/2002-present)
and MERIS (Medium Resolution Imaging Spectrometer, 2002-present). Applying ocean color
sensors, long-term records of aquatic parameters are provided remotely on a global scale with
a vast range data products, covering essential climate variables [Maritorena et al., 2010]. There
are a large variety of applications for ocean color data products applications; e.g., to improve the
understanding of ocean biogeochemistry and marine ecosystem dynamics; to assess fisheries pro-
ductivity and the distribution of harmful algal blooms; and to be used as input data for mesoscale
open ocean processes and ocean modeling [McClain, 2009].
1.2.2 Chlorophyll-based methods
In retrieving phytoplankton biomass, most bio-optical ocean color algorithms (e.g., O’Reilly et al.
[1998]) derive the concentration of chlorophyll a, chl-a (see Fig. 1.2). The reason is that chl-a is
a common photosynthetic pigment among all phytoplankton species [Kirk, 1994], and therefore
is generally used as the measure of phytoplankton biomass [Falkowski et al., 1998]. According to
Morel and Gordon [1980] there are three different methods for estimating the chl-a concentration
or the concentrations of other optically active constituents of the water in open oceans (or Case-1
waters, see sec. 2.1.5): purely empirical methods, analytical methods and semi-empirical methods,
which are briefly summarized below: 1
purely empirical methods: The purely empirical models are based on extracting direct relations
between optical field measurements (of reflectance or water-leaving radiance) and pigment con-
centrations (mainly chlorophylls). More precisely, these models establish a statistical relationship
1The brief summary given here, for the classification of chlorophyll algorithms, has been adapted from Algorithm
Theoretical Basis Document (ATBD 2.9) for the MERIS sensor provided by Morel and Antoine [1998]. The radiometric









































































































































































































































































































































































































































































































































































































Figure 2.4: Spectral absorption coefficients of major optical constituents of seawater, mea-
sured by Gurlin et al. [2011] for a high chl-a water body.
In general, the scattering process can be either elastic (preserving the incident wavelength) or
inelastic (changing the incident wavelength). A brief introduction to both types of scattering, with
more focus on their features in natural waters, is given in the following subsections.
2.1.4.1 Elastic scattering
The elastic scattering in the atmosphere, depending on the size of scatterer and the wavelength
of the incident light, is divided into Rayleigh and Mie scattering. In general, small particles with
sizes much smaller than wavelength of the incident light (like air molecules) favor the Rayleigh
scattering; whereas, large particles with sizes much larger than wavelength of the incident light
(like aerosols) favor the Mie scattering. The physical basis of the Mie theory [Mie, 1908] is similar
to that of Rayleigh [Young, 1982], i.e., based on oscillations caused by induced dipoles or polariz-
able bodies, which give rise to the re-radiation of light (scattering). However, instead of assigning
single dipoles to single molecules, as assumed in the Rayleigh theory, the Mie theory considers
the additive contributions of a series of electrical and magnetic multi-poles located within the par-
ticles [Mie, 1908; Stone, 1953]. The angular distribution of scattered light in the Mie scattering is
favored in forward direction within small angles of the beam axis, while in the Rayleigh scattering
there is no favored angular distribution for the scattered light. Both theories, in principle, apply to
spherical scatterers, however, there are practical models that use different approximations based
on these theories.
Within the natural waters there exist two types of elastic scattering, which are related to density
fluctuation of water molecules and also any kind of physical inhomogeneity that is larger than
the water molecules. These scattering phenomena are often referred to as the Rayleigh and Mie
scattering in the water bodies, respectively [Kokhanovsky, 2006].
Fluctuation scattering: based on Einstein-Smoluchowski theory, the permanent motions of wa-
ter molecules (and microscopic contents, like ions) leads to localized microscopic fluctuations of
density, which in turn causes fluctuations in the refraction index leading to scattering [Mobley,
1994]. The fluctuation scattering is often referred to as Rayleigh scattering by oceanographers,
because of two main reasons: the dimensions of water microscopic volumes whose densities (and
















































































































































































































































































































































































































































































































































































































2.2. Marine phytoplankton: general characteristics
Figure 2.8: Typical pattern of seasonal variations of phytoplankton biomass in the temperate
North Atlantic, compared with the variations of sunlight, zooplankton activity and nu-
trients’ availability. The figure adapted from: http://www.jochemnet.de/fiu/
OCB3043_23.html.
Mass occurrences of phytoplankton populations are common and natural events, appearing under
favorable conditions as availability of sufficient nutrients and sunlight, are intrinsically beneficial
to marine food-web processes. Periodic spring blooms occur in most sea-waters when increased
sunlight causes the thermocline layer to be formed, which in turn leads to the well-mixed water
columns in the upper ocean and abundance of nutrients after scarcity of winter season. Fall blooms
are also abundant, though weaker than spring blooms, when the nutrient rich waters in autumn are
turbulently stirred by winds to the surface [Smayda, 1997a].
The most abundant (and the largest) spring blooms are globally formed by diatoms, which are
considered to be the first primary producers in marine environments [Lignell et al., 1993]. Hence,
current concepts, models and experimental approaches of studying bloom dynamics/regulations
are primarily based on diatom-dominated spring blooms. Accordingly, blooms of other species
have been so far dismissed or received very low attentions (for instance, blooms of dinoflagellates
or even small blooms of diatoms in other seasons); the reason is that it was traditionally widely ac-
cepted that the spring (upwelling) blooms of diatoms are driving the whole marine trophodynamics
and can “sufficiently” explain the nutrient regulations, growth dynamics and respective mass bal-
ance. Moreover, there are methodological limitations to deal with the successions of blooms and
subordinate species occurring during bloom events, their variable ecophysiology and the poten-
tials of bloom magnitude [Smayda, 1997a]. Bloom abundance and fluctuations are commonly
expressed in terms of community biomass, where chlorophyll-a content is usually representing
the abundance index and the rate processes of total community (such as primary production) is
normalized by that. Therefore, phytoplankton growth is conventionally measured as a whole com-
munity response, based on chlorophyll-a index.
Community growth measurements presume that: (a) community’s taxonomic elements are
physiologically equivalent, and (b) chlorophyll-based estimates of community growth-rate are ad-
equate to measure the behavior of the dominant species. However, these assumptions provide
limited insight into bloom dynamics. In reality, community growth is only one of three differ-
ent, concurrent growth modes which characterize phytoplankton population dynamics: cellular
growth, population growth, and community growth. [Smayda, 1997a]. For instance, while coccol-






































































































































































































































































































2.3. Environmental impacts of phytoplankton: a climate view
Figure 2.10: A microscopic view of a E. huxleyi cell, surrounded by attached coccoliths. By
building calcite shells (coccoliths), coccolithophore species contribute strongly in the
oceanic carbonate and carbon cycles. (image courtesy of Markus Geisen and Jeremy
Young).
Figure 2.11: A scheme of the cycle of dimethyl-sulfide (DMS) and its exchange between
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Diat/ Diat/ Diat/ Diat/ Dino/ Dino/ Dino/ Emil/ Emil/ Cyan/
λ(nm) Dino. Emil. Cyan.Phae. Emil. Cyan.Phae. Cyan.Phae.Phae.
428-5600.99990.9980.946 0.9970.9990.945 0.9970.941 0.9990.940
428-5500.99990.9980.965 0.9960.9980.965 0.9970.960 0.9990.958
428-5400.99990.9970.987 0.9950.9980.986 0.9960.980 0.9990.977
428-5300.99990.9970.989 0.9940.9970.988 0.9940.980 0.9990.977
428-5220.99990.9960.986 0.9920.9960.985 0.9930.975 0.9980.971
428-5100.99980.9930.980 0.9880.9950.978 0.9890.963 0.9970.957
428-5000.99970.9900.970 0.9830.9920.967 0.9840.945 0.9960.936
428-4960.99970.9890.965 0.9790.9910.961 0.9810.935 0.9950.925
428-4900.99950.9850.954 0.9730.9880.949 0.9750.915 0.9940.902
428-4860.99940.9820.944 0.9670.9850.939 0.9700.897 0.9930.881
Table3.2:Summationofscalarproductsofspeciﬁcabsorptionspectraforal3-elementsets
ofmajorphytoplanktonspeciesfordiferentwavelength-windows.
Diat/ Diat/ Diat/ Diat/ Diat/ Diat/ Dino/ Dino/ Dino/ Emil/
Dino/ Dino/ Dino/ Emil/ Emil/ Cyan/ Emil/ Emil/ Cyan/ Cyan/
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Channel# WLrange(nm) Cluster# Res.(nm) Retrievaltargets
1(UV) 214-334 1-6 0.24 O3,NO,ClO,Metals
2(UV 300-412 7-11 0.26 NO2,O3,SO2,BrO,OClO,
HCHO,CHOCHO
3(VIS) 383-628 12-20 0.44 O3,O4,NO2,IO,Aerosols
4(VIS) 595-812 21-28 0.48 O3,H2O,NO3,Aerosols
5(NIR) 773-1063 29-35 0.54 H2O,ClO,HNO3,Aerosols
6(SWIR) 971-1773 36-47 1.48 CH4,CO2,N2O,H2O,Aerosols
7(SWIR) 1934-2044 48-53 0.22 CO2,H2O













































































































































































































4. PFT retrievals using the PhytoDOAS Multi-target fit
(Goddard Earth Sciences Data and Information Services Center) Interactive Online Visualization
ANd aNalysis Infrastructure. NOBM is a fully coupled model of three major components simu-
lating general circulation, radiative transfer processes and biogeochemical processes [Nerger and
Gregg, 2007]. The ocean general circulation is modeled by the Poseidon model [Schopf and
Loughe, 1995]. The radiative model, the Ocean Atmosphere Spectral Irradiance Model (OASIM,
Gregg [2002]), provides underwater irradiance fields which drive the growth of the phytoplankton
groups. The biogeochemical processes model includes ecosystem and carbon components [Gregg
and Casey, 2007]. Fig. 4.5 illustrates the general structure of the NOBM. As the output products
of model are not directly based on remote-sensing observations, they are not certainly the best
choice or highly reliable for comparison of the satellite retrieved PFTs. However, as mentioned
before, collocating the existing field data (of PFTs) with large satellite pixels (of SCIAMACHY) is
still a big limitation for validating the retrievals with available (though limited) in-situ data. Nev-
ertheless, in case of dinoflagellates even modeled data are not existing (therefore, no comparison
for the dinoflagellates has been provided).
Figure 4.5: General structure of NOBM depicting the interactions among the three main com-
ponents: general circulation, radiative transfer processes and biogeochemical processes.
Courtesy to Nerger and Gregg [2007].
Regarding the usual roughness existing in current PFT models, the comparison indicates a
good agreement between chl-a distribution patterns of the two methods for diatoms. The best
accordance between the two products is observed in the north of the Polar Front in the southern
hemisphere. In the northern regions of the North Pacific the agreement is good too, almost the
whole year through. In the eastern parts of the Mid-Pacific both products contain stable horizontal
patches of elevated chl-a, even though this is more pronounced for the retrieved diatoms. In the
north-west of the Indian Ocean, off North-east Africa and Arabian Peninsula, the chl-a patterns
are almost the same in two products, more pronouncedly between July and September (though
PhytoDOAS indicates higher range of chl-a). There are also clear differences between two sets of
diatoms’ distributions: the model does not indicate any diatoms in the tropical Atlantic, except a
narrow tiny band, whereas the retrieval maps show higher results in this part with wider coverage,
especially from October till April; while the NOBM model presents a permanent band of elevated
chl-a in the sub-Antarctic regions (with seasonal variations in the intensity and the band-width), the
retrieved diatoms in this region can be observed only during austral spring and austral summer; in
the Indian Ocean, except the north-west regions, the NOBM model does not contain any diatoms,





















































































































































4.2. PhytoDOAS annual PFTs in comparison with other products: 2005
a) Coccolithophores (PhytoDOAS) b) Diatoms (PhytoDOAS)
c) PIC (MODIS-Aqua) d) Total chl-a (MODIS-Aqua)
e) Coccolithophores (NOBM model) f) Diatoms ((NOBM model)
Figure 4.11: Annual averages in 2005 for: PhytoDOAS coccolithophore and diatoms chl-a
(panels a & b), MODIS-Aqua PIC and total chl-a (panels c & d) and NOBM coccol-
ithophore and diatoms chl-a (panels e & f).
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4. PFT retrievals using the PhytoDOAS Multi-target fit
community structure depends on the variation in total chl-a. The method was validated and applied
to satellite (SeaWiFS) total chl-a data: seven PFTs have been derived globally from SeaWiFS data,
presented as separate chl-a maps averaged from 1998 to 2009. For our comparison purpose three of
them have been used (right panels in Fig. 4.12) which are diatoms, the haptophytes and prokaryotes
(cyanobacteria). The haptophytes are used as rough approximation for coccolithophores, although
haptophytes not only include coccolithophores, but also Phaeocystis sp. and other species.
As shown in Fig. 4.12, the best agreement between PhytoDOAS and the PFT algorithm of
Hirata et al. [2011] is observed for coccolithophores and its counterpart: the haptophytes (the first
row). The patterns of global coverages are coinciding very well and the respective ranges of chl-a
are also close to each other; even though the contribution of other haptophytes should be consid-
ered. Therefore, due to the very similar spectral behavior of the absorption spectra of Phaeocystis
sp. and coccolithophores, one possible scenario could be that the PhytoDOAS retrieval of coccol-
ithophores includes Phaeocystis sp., as well, and hence is likely to be representing the haptophytes.
The two methods are showing different results for diatoms in the tropical and sub-tropical oceans:
while PhytoDOAS assigns high concentrations to diatoms in large parts of these regions, by the
Hirata’s method diatoms (in respective areas) exist only in coastal waters. However, in high lati-
tudes of both hemispheres the two methods show good agreement. This is more pronounced in the
northern hemisphere and also in the southeastern waters of the South America, but in the Southern
Ocean PhytoDOAS show higher values than the other algorithm. The PhytoDOAS cyanobacteria
hardly match the Hiratas’s prokaryotes. Especially, there is no agreement for the high-latitude
regions, except for tiny parts in the North Atlantic and the North Pacific. This difference can be
partly attributed to the spatial variations in the phytoplankton absorption spectra (here cyanobacte-
ria), which has to be investigated further. Moreover, it can also be the case that because of the very
different absorption spectrum of cyanobacteria (compared to the other PFTs), their contribution in














Application of PhytoDOAS to study the
dynamics of coccolithophore blooms
5.1 Overview
Sensitive responses of phytoplankton to the environmental and ecological impacts make them re-
liable indicators of the variations in climate factors. Coccolithophores (coccos) are an abundant
taxonomic group of phytoplankton with a wide range of effects on the oceanic biogeochemical cy-
cles [Rost and Riebesell, 2004] and a significant influence on the optical features of surface water
[Tyrrell et al., 1999]. Coccos also affect the atmosphere and climate by emitting dimethylsulfide
(DMS) into the atmosphere [Tyrrell and Merico, 2004; Andreae, 1990], where it is converted to
the sulfur aerosols and cloud condensation nuclei (CCN) and influence the climate and the Earth’s
energy budget [Charlson et al., 1987; Andreae, 1990]. Coccolithophores form frequently large
blooms, which can be often visually detected by satellite imageries. However, to have a quantita-
tive and continuous estimation of coccolithophore contents on a global scale, ocean color remote
sensing algorithms must be used. Improving these algorithms for detecting phytoplankton groups
is important because of the different biogeochemical impacts of different groups. In this study,
monitoring coccolithophore blooms, through spatial and temporal variations of their abundances
and inter-annual cycles, has been the main interest. This is part of the research field of monitoring
climate impacts through phytoplankton variations. As retrieval tool, the PhytoDOAS method has
been applied to the entire data set of SCIAMACHY to detect coccolithophore blooms in three
selected oceanic regions. The retrieval results, shown as time-series, were compared to the appro-
priate satellite data of total phytoplankton biomass (total chl-a from GlobColour) and particular
inorganic carbon (PIC, from MODIS-Aqua). The results were also compared with three major
oceanic geophysical parameters: sea-surface temperature (SST), mixed-layer depth (MLD) and
surface wind speed, for which the two first parameters were obtained from satellite data and the
last one from a model.1
5.1.1 Motivation
Among different phytoplankton blooms, coccos blooms are very important due to their wide cover-
age and frequent occurrence [Holligan et al., 1983], as well as their unique biooptical and biogeo-
chemical properties [Brown and Podesta, 1997; Balch, 2004]. This importance, which is more ex-
plained in below2, was the main motivation for conducting a coccos bloom study via PhytoDOAS
1The content of this chapter has been partially presented in Sadeghi et al. [2012a].

















































As mentioned in detail in sec. 4.1.2, there are limitations in comparing the PhytoDOAS coccos
(retrieved from SCIAMACHY data) with in-situ coccos measurements. Briefly speaking, these
limitations arise from collocating satellite data with comparable in-situ data sets, which inquires
enough appropriate in-situ data. To avoid this restriction, the PhytoDOAS coccos results, instead
of validation, were preliminarily compared with the NOBM coccos modeled data and then with the
global distribution of PIC obtained from the MODIS-Aqua level-3 products. The reasons behind
the comparison of retrieved coccos with the MODIS-Aqua PIC data, as well as the respective
results for 2005, have been presented in sec. 4.1.2. Very good agreements were observed in global
patterns of coccos and PIC on a monthly and seasonal basis (see sec. 4.1.2).
Figure 5.1: An example comparison of three monthly mean products, all obtained in Aug.
2005: the PhytoDOAS coccos chl-a (upper left panel) retrieved from SCIAMACHY data,
the PIC concentration (upper right panel) from the MODIS-Aqua level-3 products, and
the total chl-a (lower panel) from the GlobColour level-3 merged data.
Moreover, PhytoDOAS coccos chl-a results were compared to the total chl-a, provided by
GlobColour merged data, as the maximum limit of observed chl-a for coccos. Fig. 5.1 illustrates a
sample comparison of these three products in August 2005, showing consistent patterns between
coccos (upper panel) and PIC (middle panel), followed by partially similar patterns of the total
chl-a (lower panel).
Additionally, the improved PhytoDOAS method was used to detect single events of coccol-
ithophore blooms, which is described below: In Fig. 5.2 the upper left panel corresponds to the
coccolithophore bloom over Chatham Rise (east side of New Zealand) on 23 December 2009,
which was reported as an instantaneous RGB image by NASA. The PhytoDOAS retrieval of this
bloom, shown in the middle panel, was obtained from two weeks data of SCIAMACHY (cen-
tered at 23 Dec. 2009). The PIC distribution over this region (lower panel) was prepared as an
8-day composite (19-26 Dec. 2009) from MODIS-Aqua level-3 products. Since only few SCIA-
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MACHY orbits cross this small region at one day, among which a large fraction of attaining pixels
are flagged out due to the sensitivity of the retrieval to cloud contamination, this time frame limita-
tion could not be avoided. The cloud contamination is also the reason for missing a lot of pixels in
the eastern parts, where is almost blank in the respecting map. However, regarding the fact that a
typical coccolithophore bloom lasts a few days, not just one day, the choice of using a several-day
time frame does not spoil the detection. However, within a wider time-frame, the slight motion
and spreading of the bloom over the time (caused by wind, for example) will also affect the bloom
pattern in the retrieval output.
Figure 5.2: A case study of phytoplankton bloom detection by PhytoDOAS: the upper-left
panel is a true-color image of MODIS sensor (reported by NASA on 23rd Dec. 2009)
showing a coccolithophore bloom near Chatham island, on the eastern side of New
Zealand. The upper-right panel depicts the PhytoDOAS retrieval of the coccolithophore
chl-a for the same region over a period of two weeks (centered at 23rd Dec. 2009). The
lower panel illustrates the distribution of MODIS-Aqua PIC for the bloom region as an
8-day composite (19 to 26 Dec. 2009).
Fig. 5.3 indicates another coccolithophore bloom detected by applying the PhytoDOAS triple-
target method on SCIAMACHY data over the northern parts of the North Atlantic in August 2004.
Regarding the fact that coccolithophore blooms are quite abundant in this oceanic region [Brown
and Podesta, 1997; Balch et al., 1991; Holligan et al., 1993; Raitsos et al., 2006] and with respect
to the pronounced high-valued pattern of PIC distribution on the respective area (lower-panel in
Fig. 5.3), this bloom can be addressed as a coccolithophore dominated bloom. The pattern of
the MODIS chl-a map (upper-left panel) coincide very well to the PIC pattern, confirming the
dominance of coccolithophores in the bloom. Overall, the PhytoDOAS retrieval of this bloom
(upper-right panel in Fig. 5.3) shows a very good agreement with the MODIS-Aqua products:



























































































5. Application of PhytoDOAS to study the dynamics of coccolithophore blooms
seasonal dependency can be seen in the data availability of the study regions. It means that the
months of more acceptable ground pixels (with higher fit-qualities) are mostly residing in the
local spring and summer, or blooming seasons. This fact can be assigned to the sensitivity of the
PhytoDOAS method to the total available sunlight or to the direction of the solar radiation (solar
elevation angle). On the other hand, the seasonal feature observed in the data has urged to calculate
the linear trends of the retrievals (and other parameters) only over the seasonal months for each
region (see sec. 5.3.3).
Figure 5.6: The SCIAMACHY data availability for the construction of the monthly time series
from PhytoDOAS retrievals. The data availability is depicted separately for three study































5. Application of PhytoDOAS to study the dynamics of coccolithophore blooms
Figure 5.8: Time series as described in Fig. 5.7, but for the sAtl region.
ever, for some of the parameters (not for SST and MLD) the inter-annual cyclical periods of high
intensities are deviating from one year to another; e.g., from 2008 to 2009 for coccos and PIC
the period between the maxima is reduced to 10 months, while it is 11-14 for all other years (e.g.
2007 to 2008). However, for GlobColour total chl-a the intervals between successive maxima for
the periods 2008/2009 and 2007/2008 are about 13 and 10 months, respectively. It can also be
seen that the timing of the maximum conc. of coccos, PIC and total chl-a are positively corre-
lated. These maxima are negatively correlated with the MLD, as they should be, because the rate
of coccos growth increases rapidly with shoaling of MLD [Raitsos et al., 2006]. More precisely,
all three phytoplankton-based time-series in Fig. 5.7 imply that the phytoplankton prosperity is
associated with a rapidly decreasing MLD, and reaches its maximum when MLD begins its period
of constant minimum. The North Atlantic is generally characterized by an extremely deep winter
mixed layer, which causes very low phytoplankton activity in wintertime, which can be seen as
well in Fig. 5.7. The phytoplankton and PIC maxima coincide with the high positive gradient of
SST, i.e, SST peaks always appear delayed to the phytoplankton peaks, which is in accordance
with the results of Raitsos et al. [2006]. Theoretically, it is expected that the maxima of the three
phytoplankton-based time-series follow in a sequence as the time elapses: total chl-a followed
by coccos and finally PIC, as coccos start growing when the necessary nutrients for the growth
or the survival of other species are scarce [Margalef, 1978; Holligan et al., 1983]. On the other
hand, the PIC concentration is expected to be proportional to the amount of coccoliths, which can
be either attached to the living coccos or detached from them and suspended in the water, even
after the disappearance of the coccos. However, this sequence could not be reproduced in our
time-series, except for the year 2008. In fact, the peaks of total chl-a and PIC appear more or less
at the same time, while coccos peaks often follow the two former peaks with a slight delay. This
systematic behavior might be originated from the large monthly time interval used for averaging
the retrieved products and setting up the coccos time-series (the lower subplots in Fig. 5.7, Fig. 5.8


































































5.3. Results of PhytoDOAS coccolithophore blooms
Figure 5.11: The region of the South Atlantic Anomaly (SAA), affecting the measurements of
over-passing satellites by exposing them with higher levels of extra-terrestrial radiation.
SAA is caused by the non-concentricity of the Earth and its magnetic dipole in the near-
Earth region, where the Earth’s magnetic field is weakest. Image credit: Steve Snowden.
seasonality in the time-series of GlobColour total chl-a for sPac is rather weak (less pronounced
than in coccos). This observation suggests a demand for a regional improvement of the chl-a
algorithms from ocean-color sensors, at least for the South-west Pacific.
In sPac, higher chl-a for coccos than for the total phytoplankton is observed. Further investi-
gations showed why the PhytoDOAS coccos method is overestimating the coccolithophore chl-a
(Fig. 5.9): studies by Burns [1977] and Rhodes et al. [1995] showed that in the Tasman Sea and
also around New Zealand (i.e., in sPac) the dominant coccos species is varying between E. hux-
leyi and Gephyrocapsa oceanica (G. oceanica). Whereas, in this study the PhytoDOAS retrieval
of coccos was based on the specific absorption spectrum of E. huxleyi. Fig. 5.12 illustrates the
specific absorption spectra of these two coccos species, G. oceanica and E. huxleyi, which were
measured on cultures obtained from the isolation of these species from natural samples in different
regions. As illustrated in Fig. 5.12, in general, the specific absorption values of G. oceanica (red
curve) are lower than the respecting values of E. huxleyi. In particular, the specific absorption of
G. oceanica is much lower than the E. huxleyi spectrum used in the retrieval process of coccol-
ithophores (blue curve). The reason is that the former species has, compared to E. huxleyi, much
more chl-a pigment contents per cell. Hence, retrieving G. oceanica from a E. huxleyi specific
absorption spectrum results in an overestimation of chl-a content. However, the similar absorp-
tion patterns of these two species ensures that the retrieval process can identify them as coccos
target. All together, these samples show the spatial variations in phytoplankton absorption within
the same phytoplankton group. This feature and the different photo-acclimation, also changing
the specific phytoplankton absorption, can affect the result of the PhytoDOAS retrieval.
The ratios of the GlobColour total chl-a to the PhytoDOAS retrieved chl-a of coccos are de-
picted in Fig. 5.13 for the three study regions: The retrieved chl-a of coccos seem to be overesti-
mated (which is associated with values less than one) in many months. Especially pronounced is
this feature in the sPac region (lower panel). The reasons of the relatively higher coccos for this
region have already been discussed above. However, in nAtl and sAtl (upper and middle panels in
Fig. 5.13, respectively), there are alternating patterns in the months, when the coccos chl-a exceed
the GlobColour total chl-a. In both regions the coccos chl-a exceed the total chl-a mostly after
the summer bloom, i.e., after June in nAtl and for the austral summer in sAtl (except for the year
2010). Considering that these regions are characterized as high activity areas of coccos blooms
[Holligan et al., 1993; Raitsos et al., 2006; Painter et al., 2010; Garcia et al., 2011], along with
the fact that the large reflectance from coccolithophore-rich surface waters affect the performance
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Figure 5.12: Specific absorption spectra of two different coccolithophore species obtained
from cultures: the red curve corresponds to G. oceanica, which was isolated from the
North Atlantic near the Portuguese coast; the other curves correspond to different cul-
tures of E. huxleyi, isolated from the Tasman Sea in the South-west Pacific, from which
the blue curve has been used in the retrieval process as the reference spectrum of coc-
colithophores.
of the standard chl-a algorithms [Gordon et al., 1988; Ackleson et al., 1988; Balch et al., 1989;
Balch, 2004], the overestimation of coccos observed in Fig. 5.13 may be assigned to a proposed
underestimation of chl-a during the coccos blooms for the GlobColour data set. This algorithm is
based on reflectance ratios. The final validation of the coccos chl-a will be part of a future study
by comparison of the PhytoDOAS data product to a combination of the above mentioned in-situ
measurements of coccolithophores.
Figure 5.13: Ratios of the GlobColour total chl-a to the PhytoDOAS retrieved chl-a of coccos
in three selected regions: nAtl (upper panel), sAtl (middle panel) and sPac (lower panel).
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5.3.2 Interrelations between biological and geophysical parameters
To investigate the driving factors behind the development and degradation of coccos biomass, the
correlation coefficients between PhytoDOAS coccos chl-a and all other parameters were computed
(Fig. 5.14, left panels). Similarly, the correlation coefficients between PIC conc. and the other
parameters were determined (Fig. 5.14, right panels).
Figure 5.14: Correlation coefficients between the time series of PhytoDOAS coccos [Ehux]
chl-a (left hand side of all panels) and the other parameters in the three studied regions:
nAtl (upper panel), sAtl (middle panel) and sPac (lower panel). The same quantity is
depicted on the right hand side of each panel between the time series of PIC and the
other parameters for three regions, respectively.
In nAtl the retrieved coccos correlated positively with the total chl-a, PIC and SST, and neg-
atively with MLD and surface wind-speed (upper left panel in Fig. 5.14). These results are in
accordance with the reported dependence of coccos on raising SST (or high surface irradiances),
shallow MLD (or shallow stratification) and non-turbulent waters [Tyrrell and Taylor, 1996; Nan-
ninga and Tyrrell, 1996; Raitsos et al., 2006], respectively. The correlation pattern of PIC conc.
(Fig. 5.14 upper-right panel) was very similar to the PhytoDOAS coccos, with close values of
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correlation coefficients (except being higher correlated to the GlobColour total chl-a and being
more inversely correlated to MLD). This similarity indicates the good agreement between the
PhytoDOAS coccos and the MODIS-Aqua PIC in nAtl.
However, in sAtl the retrieved coccos were hardly correlated with total chl-a and PIC (Fig. 5.14,
middle-left panel); possible reasons have been discussed before (sec. 5.3.1). The correlations of
coccos with the geophysical parameters were weaker, compared to nAtl, but showing the same
pattern. Moreover, despite the anomaly sources mentioned for this region, the correlation of coc-
cos with SST, was similar to the situation in nAtl, which indicates again the vital importance of
the rising SST (or high solar radiation) for occurring coccos blooms. The correlations of PIC with
other parameters in sAtl (middle-right panel) showed the same pattern and levels as in nAtl, but
weaker with surface-wind, which can be assigned to the complicated regimes of surface currents
in this region as explained before.
In sPac (Fig. 5.14, lower-left panel) the correlations between coccos and total chl-a and PIC
were slightly better than in sAtl, but there was less dependence on SST and MLD. The latter
feature can be assigned to the dynamic surface-wind patterns observed in this region, which is
associated with the presence of large eddies in the Tasman Sea. These eddies, originated from
the separation of the EAC, migrate southwards into the Tasman Sea and cause regions of intense
upwelling and downwelling [Tilburg et al., 2002], which results in turn in a strong seasonal cycle
of phytoplankton activity with the associated anomalies. Moreover, the specific floor topography
of the Tasman Sea, i.e., the presence of an important mid-ocean ridge [der Linden, 1969], and its
effects on the surface currents and vertical motions of the water bodies should be kept in mind.
The highest correlation is observed between PIC conc. and GlobColour total chl-a. This is not
surprising as the algorithms of these two products use the reflectance information from the same
wavelength-bands and both products are obtained from the high spatially resolved satellite data
(in contrast to the coarse spatially resolved SCIAMACHY data). Moreover, MODIS-Aqua itself
is one of the three ocean color sensors used by GlobColour project to provide the merged data (the
other two sensors are SeaWiFS and MERIS).
Since it is thought that the blooms of coccos usually follow diatom blooms, the time series of
diatoms and coccos biomass in the selected study regions is shown in Fig. 5.15. As mentioned
above, in the PhytoDOAS multi-target fit, coccos are simultaneously retrieved with diatoms and
dinoflagellates. In all three regions chl-a of diatoms was always higher than coccos, as is expected
in general [Goldman, 1993; Clark et al., 2002]. However, the patterns of the temporal variations
of diatoms do not vary significantly from the counterpart patterns of coccos. This can be again
assigned to the large time period for averaging the PhytoDOAS data, which is much longer than
real time-frame of phytoplankton blooms. Due to this averaging, maxima of monthly coccos or
diatoms’ chl-a were probably smaller than the absolute maxima they reach during the blooms.
5.3.3 Annual patterns of phytoplankton development associated with the develop-
ments of geophysical variables in selected regions
Fig. 5.16 illustrates the linear trends of five parameters for eight years of data (from 2003 to
2010) for the three study regions. To reduce the effects of seasonality on the trend results, and to
focus on the inter-annual variations of the parameters in phytoplankton prosperity seasons, only
the months that cover the regional spring and summer were taken into account. Additionally, the
ocean color winter time data only contain very few ground pixels per month which also increases
the uncertainty to the monthly mean values. Hence, for nAtl six months from April to September,
and for sAtl and sPac seven months from September to March were considered. Linear regressions
were computed for the monthly mean data (Fig. 5.16 upper panel) and for the anomaly time-series
data (Fig. 5.16 lower panel); here each data-point was obtained by subtracting the initial monthly
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Figure 5.15: Times series of the PhytoDOAS diatoms (blue solid lines) and coccos (green
dashed lines) chl-a in the three selected regions: nAtl (lower panel), sAtl (middle panel)
and sPac (upper panel).
mean (e.g., Jun. 2004) from the climatological mean of that particular month (i.e., mean value of
all June months over eight years). The respecting time series of the parameters are shown in App.
2 (see 6.3), including the simple and anomaly linear-trends for each region, respectively. We refer
hereafter to these approaches as simple trend and anomaly trend, respectively.
No linear trends for MLD are shown in Fig. 5.16, because the MLD data, as modeled data,
involve far more approximations than in the satellite-based retrieved products, making the compar-
ison not suitable. Moreover, the order of magnitudes of the MLD trends are higher than the linear
trends of the retrieved products, which could cause an illustration problem. Table 5.1 contains the
MLD linear trends in three regions, which were calculated by both simple trend and anomaly trend
approaches.
Table 5.1. MLD trends in selected regions




Considering the simple trend values (Fig. 5.16 upper-left panel), coccos grew negligibly in
nAtl and chl-a decreased in the two southern regions by different rates; total chl-a increased in all
regions, PIC decreased strongly in nAtl and sAtl, while it strongly increased in sPac. This may
be caused by the strong SST-rise in the Tasman Sea [Tilburg et al., 2002], even though this SST
rise was not observed in our sPac simple trend; however, the decreasing rate of SST in sAtl and
sPac was clearly followed by the decrease of coccos and consistently, the rate of increase of SST in
nAtl was associated, at a small rate, with the increase of coccos; the surface wind-speeds decreased
in nAtl and sPac, while they slightly increasing in sAtl. Only in nAtl was the decreasing rate of
wind-speed associated with an increasing rate of coccos. Considering that there is also no constant
relationship between rates of change of wind-speed and PIC in the three regions, it can be inferred
that in the studied time-scale of about one decade, the rate of change of coccos was not determined
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Figure 5.16: Linear trends of five monitored parameters over eight years data (2003 to 2010)
in three selected regions: nAtl (left sections), sAtl (middle sections) and sPac (right
sections). The upper panel shows the values of the simple trends, while the lower panel
shows the values of the anomaly trends. In both cases only the regional spring and
summer months were considered, which means: Apr. to Sep. for nAtl and Sep. to
Mar. for sAtl and sPac. The charts do not include the MLD trends, due to their different
ranges, which are (as modeled data) much higher in order of magnitude than the other
parameters.
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5.3. Results of PhytoDOAS coccolithophore blooms
by the rate of wind-speed. Comparing the values of the simple trend with the anomaly trend values
(Fig. 5.16 left panel), both showed similar results. Only the SST anomaly trends were different,
especially in sAtl and sPac where the trends were even reversed. To summarize, the results were
comparable and the anomaly trend was more appropriate because it removed the seasonal effect.
5.3.4 Climatological analysis
Fig. 5.17 illustrates the climatology curves for the corresponding six parameters in the three se-
lected regions. Each data-point here depicts the mean value of a certain month over eight years’
data of the respective time series. In nAtl, the coccos reached their maximum in Aug., whereas
in sAtl and sPac two maxima were reached annually, a smaller one in austral spring (between
September and October) and a higher one in austral summer (between February and March). The
occurrences of two coccos blooms annually in the Southern Hemisphere has been reported be-
fore [Balch et al., 2011]. In sPac these maxima were not as pronounced, showing another weak
maximum in May. This may be caused by the effect of large eddies existing in the Tasman Sea.
However, the coccos maximum in austral spring in sPac was also observed by studying SeaWiFS
data [Tilburg et al., 2002].
Figure 5.17: Climatology curves of all monitored parameters in three selected regions. Each
subplot contains the climatologies of a certain parameter in three regions, which are
denoted as follows: nAtl (blue line), sAtl (green dashed-line) and sPac (red dashed-line).
The subplots have been arranged in the same order as before: (a) coccos chl-a conc.; (b)
GlobColour total chl-a; (c) PIC conc.; (d) MLD (e) SST, and (f) surface wind-speed.
The GlobColour total chl-a showed an annual peak spreading over spring and summer, with
two weak shoulders in nAtl (higher in June and a smaller in August), one wide peak in sAtl from
October to January and only a minor peak in sPac from October to February. These results in


















































































































































































































































App. 1. PhytoDOAS retrievals of target PFTs in 2008
This section of Appendix contains supplementary results to Chapter 4, including PhytoDOAS’
PFT retrievals in 2008, which are shown as monthly mean maps on a global scale.
App. 1.1. Monthly mean chl-a of the retrieved PFTs
The maps shown in Fig. 6.2 and Fig. 6.3 are PFTs’ monthly mean chl-a, retrieved by the PhytoDOAS
triple-target mode from the SCIAMACHY date 2008. The respective results for the year 2005

























6. General conclusions and Outlook
App. 1.2. Coccolithophores vs. PIC: 2008 monthly means
In Fig. 6.4 and Fig. 6.5, monthly mean chl-a of the PhytoDOAS coccolithophores (from SCIA-
MACHY date 2008) are compared with the monthly distributions of PIC conc. (from MODIS-



























6.3. Future directions of the study
App. 1.3. Cyanobacteria via single-target fit: 2008 monthly means
Fig. 6.6 illustrates monthly variations in the retrieved cyanobacteria (as averaged chl-a) on a global
scale. The results were obtained by applying the PhytoDOAS single-target mode to the SCIA-













6.3. Future directions of the study
App. 2. Time-series of the blooming months
App. 2.1. Time-series of the blooming months with simple trends
The time series of the study parameters only for the blooming months over the whole period
(2003-2010) are shown in Fig. 6.7, Fig. 6.8 and Fig. 6.9, for each region, respectively. These are
the time series based on which the simple-trends have been computed. The corresponding results
have been discussed in the section: 5.3.3 and the numerical values of the linear trends were shown
as simple-trends in Fig. 5.13 (upper panel).
Figure 6.7: Time series of the six parameters monitored in nAtl from Jan. 2003 to Dec. 2010:
(a) coccos [Ehux] chl-a conc. retrieved by PhytoDOAS; (b) GlobColour total chl-a; (c)
MODIS-Aqua PIC conc.; (d) MLD from Ocean Productivity; (e) SST from AVHRR;
and (f) surface wind-speed from AMSR-E. On each subplot the dashed-line shows the
linear-trend for respecting parameter calculated for the selected months.
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Figure 6.8: Time series as described in Fig. 6.7, but for the sAtl region.
Figure 6.9: Time series as described in Fig. 6.7, but for the sPac region.
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6.3. Future directions of the study
App. 2.2. Time-series of the blooming months with anomaly trends
The anomaly time series of the study parameters for the blooming months over the whole period
(2003-2010) are shown in Fig. 6.10, Fig. 6.11 and Fig. 6.12, for each region,respectively. These
are the time series based on which the anomaly-trends have been computed. The corresponding
results have been discussed in the section: 5.3.3 and the numerical values of the linear trends were
shown as anomaly-trends in Fig. 5.13 (lower panel).
Figure 6.10: Anomaly time series of the six parameters monitored in nAtl from Jan. 2003 to
Dec. 2010: (a) coccos [Ehux] chl-a conc. retrieved by PhytoDOAS; (b) GlobColour
total chl-a; (c) MODIS-Aqua PIC conc.; (d) MLD from Ocean Productivity; (e) SST
from AVHRR; and (f) surface wind-speed from AMSR-E. On each subplot the dashed-
line shows the linear-trend for respecting parameter calculated for the selected months.
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Figure 6.11: Anomaly time series as described in Fig. 6.10, but for the sAtl region.
























































































































Brewin, R. J. W., Sathyendranath, S., Hirata, T., Lavender, S., Barciela, R. M., and Hardman-
Mountford, N. J. (2010b). A three-component model of phytoplankton size class for the Atlantic
Ocean. Ecological Modelling, 221:1472–1483.
Bricaud, A., Babin, M., Morel, A., and Claustre, H. (1995). Variability in the chlorophyll-specific
absorption coefficients of natural phytoplankton: Analysis and parameterization. Journal of
Geophysical Research, 100.
Bricaud, A., Claustre, H., Ras, J., and Oubelkheir, K. (2004). Natural variability of phytoplank-
tonic absorption in oceanic waters: Influence of the size structure of algal populations. Journal
of Geophysical Research, 109(C11010).
Bricaud, A., Morel, A., and Prieur, L. (1981). Absorption by dissolved organic matter of the sea
(yellow substance) in the UV and visible domains. Limnology and Oceanography, 26.
Broecker, W. S. and Peng, T. H. (1982). Tracers in the Sea. Eldigio, Palisades, N. Y.
Brown, C. W. (1995). Global distribution of coccolithophore blooms. Oceanography, 8(2):59–60.
Brown, C. W. and Podesta, G. (1997). Remote sensing of coccolithophore blooms in the western
South Atlantic Ocean. Remote Sens. Environ., 60:83–91.
Brown, C. W. and Yoder, J. A. (1994a). Coccolithophorid blooms in the global ocean. Journal of
Geophysical Research, 99(C4):7467–7482.
Brown, C. W. and Yoder, J. A. (1994b). Distribution pattern of coccolithophorid blooms in the
western North Atlantic. Cont. Shelf Res., 14:175–197.
Brownlee, C. and R.Taylor, A. (2002). Encyclopedia of life sciences, chapter in: Algal calcification
and silification, pages 1–6. Macmillan Publishers Ltd. Nature Publishing Group.
Buiteveld, H., Hakvoort, J., and Donze, M. (1994). The optical properties of pure water. SPIE
Proc. on Ocean Optics XII, 2258:174–183.
Burns, D. A. (1977). Phenotypes and dissolution morphotypes of the genus Gephyrocapsa Kampt-
ner and Emiliania huxleyi (lohmann). N.Z. J. Geol. Geophys., 20:143–155.
Burrows, J. P., Vountas, Haug, H., Chance, K., Marquard, L., Miurhead, K., Platt, U., Richter, A.,
and Rozanov, V. V. (1996). Study of the Ring effect, final report for ESA. Technical report,
ESA Technical Report.
Bussemer, M. (1993). Der Ring-Effekt: Ursachen und Einfluss auf die spektroskopische Messung
stratosphärischer Spurenstoffe. Master’s thesis, University of Heidelberg, Germany.
Caddy, J. F., Fefk, R., and Do-Chi, T. (1995). Productivity estimates for the Mediterranean:
Evidence of accelerating ecological change. effects of riverine inputs on coastal. Technical
report, FAO Tech. Rep., Rome: FAO.
Cai, W., Shi, G., Cowan, T., Bi, D., and Ribbe, J. (2005). The response of the Southern Annular
mode, the East Australian Current, and the southern mid-latitude ocean circulation to global
warming. Geophys. Res. Lett., 32(L23706).
Capone, D. G., Zehr, J., Paerl, H., Bergman, B., and Carpenter, E. J. (1997). Trichodesmium: A




















































































Gordon, H. R., Boynton, G. C., Balch, W. M., Groom, S. B., Harbour, D. S., and Smyth, T. J.
(2001). Retrieval of coccolithophore from SeaWiFS imagery calcite concentration. Geophysical
Research Letters, 28(8):1587–1590.
Gordon, H. R., Brown, O. B., Evans, R. H., Brown, J. W., Smith, R., Baker, K. S., and Clark, D.
(1988). A semi-analytic radiance model of ocean color. Geophys. Res., 93:10909–10924.
Gordon, H. R., Brown, O. B., and Jacobs, M. M. (1975). Computed relationships between the
Inherent and Apparent optical properties of a flat homogeneous ocean. Applied Optics, 14.
Gordon, H. R. and Morel, A. (1983). Remote assessment of ocean color for interpretation of
satellite visible imagery: A review. Springer-Verlag, New York.
Gottwald, M. and Bovensmann, H., editors (2011). SCIAMACHY, exploring the changing Earth’s
atmosphere. Springer, Heidelberg.
Grainger, J. and Ring, J. (1962). Anomalous Fraunhofer line profiles. Nature, 193:762.
Gregg, W. W. (2002). A coupled ocean-atmosphere radiative model for global ocean biogeochem-
ical models. Technical Report 104606, NASA.
Gregg, W. W. and Casey, N. W. (2004). Global and regional evaluation of the SeaWiFS chlorophyll
data set. Remote Sens. Environ., 93:463–79.
Gregg, W. W. and Casey, N. W. (2007). Modeling coccolithophores in the global oceans. Deep
Sea Research II, 54:447–477.
Gregg, W. W., Ginoux, P., and aand N. W Casey, P. S. S. (2003). Phytoplankton and iron: valida-
tion of a global three-dimensional ocean biogeochemical model. Deep Sea Res, 50.
Groom, S. and Holligan, P. M. (1987). Different reactions of southern ocean phytoplankton size-
classes to iron fertilization. Adv. Space Res., 7(2):73–78. doi:10.1016/0273-1177(87)90166-9.
Gurlin, D., Gitelson, A. A., and Moses, W. J. (2011). Remote estimation of chl-a concentration
in turbid productive waters– return to a simple two-band NIR-red model? Remote Sensing of
Environment, 115(12):3479–3490.
Hallegraeff, G. M. (2003). Harmful algal blooms: a global overview, chapter in G.M. Hallegraeff
and D.M. Anderson and A.D. Cembella (eds.): Manual on Harmful Marine Microalgae, pages
25–49. UNESCO Publishing.
Hansell, D. A. and Carlson, C. A. (2001). Marine Dissolved Organic Matter and the carbon cycle.
Oceanography, 14(4).
Heirtzler, J. R. (2002). The future of the South Atlantic anomaly and implications for radiation
damage in space. Journal of Atmospheric and Solar-Terrestrial Physics, 64(16):1701–1708.
Hirata, T., Aiken, J., Hardman-Mountford, N. J., Smyth, T. J., and Barlow, R. G. (2008). An
absorption model to derive phytoplankton size classes from satellite ocean colour. Remote
Sensing of Environment, 112:3153–3159.
Hirata, T., Hardman-Mountford, N. J., Brewin, R. J. W., Aiken, J., Barlow, R. G., Suzuki, K.,
Isada, T., Howell, E., Hashioka, T., Noguchi-Aita, M., and Yamanaka, Y. (2011). Synoptic
relationships between surface chlorophyll-a and diagnostic pigments specific to phytoplankton
functional types. Biogeosciences, 8:311–327.
A. Sadeghi 129
BIBLIOGRAPHY
Hoffmann, L. J., Peeken, I., Lochte, K., Assmy, P., and Veldhuis, M. (2006). Different reactions
of Southern Ocean phytoplankton size-classes to iron fertilization. Limnol. Oceanogr., 51.
Holligan, P. M., Fernandez, E., Aiken, J., Balch, W., Boyd, P., Burkill, P., Finch, M., Groom, S.,
Malin, G., Muller, K., Purdie, D., Robinson, C., Trees, C., Turner, S., and der Wal, P. V. (1993).
A biogeochemical study of the coccolithophore Emiliania huxleyi in the North Atlantic. Global
Biogeochemical Cycles, 7(4):879–900.
Holligan, P. M., Viollier, M., Harbour, D. S., and Champagne-Philipe, M. (1983). Satellite and ship
studies of coccolithophore production along a continental shelf-edge. Nature, 304:339–342.
Joiner, J., Bhartia, P. K., Cebula, R. P., Hilsenrath, E., McPeters, R. D., and Park, H. (1995). Rota-
tional Raman scattering (Ring effect) in satellite backscatter ultraviolet measurements. Applied
Optics, 34(21):4513–4525.
Joiner, J., Yoshida, Y., Vasilkov, A. P., Middleton, E. M., Campbell, P. K. E., Yoshida, Y., Kuze,
A., and Corp, L. A. (2012). Filling-in of far-red and near-Infrared solar lines by terrestrial
and atmospheric effects: simulations and space-based observations from SCIAMACHY and
GOSAT. Atmos. Meas. Tech. Discuss., 5:163–210. in press.
Kattawar, G. and Xu, X. (1992). Filling in of Fraunhofer lines in the ocean by Raman scattering.
Appl. Opt., 30.
Kattawar, G., Young, A., and Humphreys, T. (1981). Inelastic scattering in planetary atmospheres.
i. the Ring effect, without aerosols. Astrophys. J., 243:1049–1057.
Keller, M., Bellows, W., and Guillard, R. (1989). Dimethylsulfide production and marine phyto-
plankton: an additional impact of unusual blooms, chapter in E.M. Cosper and V.M. Bricelj
and E.J. Carpenter (eds): Novel phytoplankton blooms, pages 101–115. Springer-Verlag, New
York.
Kirk, J. T. O. (1975). A theoretical analysis of the contribution of algal cells to the attenuation of
light within natural waters. I. general treatment of suspensions of pigmented cells. New Phytol.,
75:11–20.
Kirk, J. T. O. (1994). Light and Photosynthesis in Aquatic Ecosystems. Cambridge University
Press, 2nd edition.
Kokhanovsky, A. A., editor (2006). Light Scattering Review: single and multiple light scattering.
Springer-Verlag Berlin. ISBN 3-540-25315-7.
Kopelevich, O. (1983). Small-parameter model of optical properties of seawater, chapter 8 in A.
S. Monin (Ed.): Ocean Optics, Vol. 1: Physical Ocean Optics, pages 208–235. Nauka, Moscow.
Kostadinov, T. S., Siegel, D. A., and Maritorena, S. (2009). Retrieval of the particle size distribu-
tion from satellite ocean color observations. J. Geophysical Res., 114(C09015).
Kostadinov, T. S., Siegel, D. A., and Maritorena, S. (2010). Global variability of phytoplank-
ton functional types from space: assessment via the particle size distribution. Biogeosciences,
7:3239–3257.
Kumar, M. D., Shenoy, D. M., Sarma, V. V. S., George, M. D., and Dandekar, M. (2002). Ex-
port fluxes of dimethyl-sulfoniopropionate and its break down gases at the air-sea interface.











































Medlin, L. K., Doucette, G. J., and Villac, M. C., editors (2008). Phytoplankton Evolution, Tax-
onomy and Ecology. Gebr Borntraeger (Berlin, Stuttgart).
Mie, G. (1908). Beitrage zur optik truber medien, speziell kolloidalen metallosungen. Ann. Physik,
25:377.
Millie, D., Schofield, O. M., Kirkpatrick, G. J., Johnsen, G., Tester, P. A., and Vinyard, B. T.
(1997). Detection of harmful algal blooms using photopigments and absorption signatures: A
case study of the Florida red-tide dinoflagellates, Gymnodinium breve. Limnol. Oceanogr., 42.
Milliman, J. D. (1993). Production and accumulation of calcium in the ocean. Global Biogeo-
chemical Cycles, 7:927–957.
Milliman, J. D., Troy, P. J., Balch, W. M., Adams, A. K., Li, Y. H., and Mackenzie, F. T. (1999).
Biologically mediated dissolution of calcium carbonate above the chemical lysocline? Deep-
Sea Research I, 46:91653–1669.
Mitchell, B. G. and Holm-Hansen, O. (1991). Bio-optical properties of Antarctic Peninsula waters:
differentiation from temperate ocean models. Deep-Sea Res, 38:1009–1028.
Mitchell, B. G., Kahru, M., Wieland, J., and Stramska, M. (2003). Determination of spectral
absorption coefficients of particles, dissolved material and phytoplankton for discrete water
samples. Ocean optics protocols for satellite ocean color sensor validation, 4.
Mobley, C. (1994). Light and Water- Radiative Transfer in Natural Waters. Academic Press, Inc.
Mobley, C. D., Stramski, D., Bisset, W. P., and Boss, E. (2004). Optical modeling of ocean waters:
Is the Case-1 Case-2 still useful? Oceanography, 17(2):60–67.
Morel, A. (1974). Optical aspects of oceanography, chapter in N. G. Jerlov and E. Steeman
Nielsen (eds.): Optical properties of pure water and pure seawater, pages 1–24. Academic
Press.
Morel, A. (1988). Optical modeling of the upper ocean in relation to its biogeneous matter content
(Case-1 waters). J. Geophys. Res., 93.
Morel, A. and Antoine, D. (1998). Pigment index retrieval in Case-1 waters. MERIS ATBD 2.9.
Technical report, ESA.
Morel, A. and Bricaud, A. (1981). Theoretical results concerning light absorption in a discrete
medium, and application to specific absorption of phytoplankton. Deep-Sea. Res., 28:1375–
1393.
Morel, A. and Gordon, H. R. (1980). Report of the working group on water color. Boundary-Layer
Meteorol., 18:343–355.
Morel, A. and Prieur, L. (1977). Analysis of variations in ocean color. Limnol. Oceanogr., 22.
Morel, F. M. M., Rueter, J. G., and Price, N. M. (1991). Iron nutrition of phytoplankton and
its possible importance in the ecology of ocean regions with high nutrient and low biomass.
Oceanography, 4(2).
Morozov, E., Korosov, A., Pozdnyakov, D., Pettersson, L., and Sychev, V. (1993). A new area-
specific bio-optical algorithm for the Bay of Biscay and assessment of its potential for SeaWiFS
and MODIS/Aqua data merging. International Journal of Remote Sensing, 31(24):6541–6565.
132 A. Sadeghi
Bibliography
Nair, A., Sathyendranath, S., Platt, T., Morales, J., Stuart, V., Forget, M., Devred, E., and Bouman,
H. (2008). Remote sensing of phytoplankton functional types. Remote Sensing of Environment,
112.
Nanninga, H. J. and Tyrrell, T. (1996). Importance of light for the formation of algal blooms by
Emiliania huxleyi. Mar. Ecol.-Prog. Ser., 136:195–203.
Nelson, D. M., Treguer, P., Brzezinski, M. A., Leynaert, A., and Queguiner, B. (1995). Pro-
duction and dissolution of biogenic silica in the ocean: Revised global estimates, comparison
with regional data and relationships to biogenic sedimentation. Global Biogeochemical Cycles,
9:359–372.
Nerger, L. and Gregg, W. W. (2007). Assimilation of SeaWiFS data into a global ocean-
biogeochemical model using a local SEIK filter. Marine Systems, 68:237–254.
Neuheimer, A. B., Thresher, R. E., Lyle, J. M., and Semmens, J. M. (2011). Tolerance
limit for fish growth exceeded by warming waters. Nature Climate Change, 1:110–113.
doi:10.1038/nclimate1084.
Nimer, N. A., Brownlee, C., and Merrett, M. J. (1994). Carbon dioxide availability, intracellular
pH and growth rate of the coccolithophoire Emiliania huxleyi. Mar. Ecol. Prog. Ser., 109:257–
262.
Nöel, S., Bovensmann, H., Burrows, J. P., Frerick, J., Chance, K. V., and Goede, A. H. P.
(1999). Global atmospheric monitoring with SCIAMACHY. Physics and Chemistry of the
Earth, 24(5):427–434.
Obata, A., Ishizaka, J., and Endoh, M. (1996). Global verification of critical depth theory for phy-
toplankton bloom with climatologicalin situ temperature and satellite ocean color data. Journal
OF Geophysical Research, 101(C9):20657–20667.
Oliveira, L., Piola, A., Mata, M., and Soares, I. (2009). Brazil Current surface circulation and
energetics observed from drifting buoys. Journal of Geophysical Research, 114(C10006).
O’Reilly, J. E., Maritorena, S., Mitchell, B. G., Carder, K. L., Siegel, D. A., and Garver, S. A.
(2000). Seawifs postlaunch calibration and validation analyses. NASA Tech. Memo., 11.
O’Reilly, J. E., Maritorena, S., Mitchell, B. G., Siegel, D. A., Carder, K. L., Garver, S. A., Kahru,
M., and McClain, C. (1998). Ocean color chlorophyll algorithms for SeaWiFS. Journal of
Geophysical Research, 103.
Painter, S., Poulton, A., Allen, J., Pidcock, R., and Balch, W. (2010). The COPAS’08 expedition to
the Patagonian shelf: Physical and environmental conditions during the 2008 coccolithophore
bloom. Continental Shelf Research, 30:1907–1923.
Perner, D. and Platt, U. (1979). Detection of nitrous acid in the atmosphere by differential optical
absorption. Geophys. Res. Lett., 93.
Petzold, T. J. (1972). Volume scattering functions for selected ocean waters. Scripps Inst.
Oceanogr., page 79. La Jolla.

























































































Schoemann, V., Becquevort, S., Stefels, J., W, W. R., and Lancelot, C. (2005). Phaeocystis blooms
in the global ocean and their controlling mechanisms: a review. Journal of Sea Research, 53:43–
66.
Schopf, P. S. and Loughe, A. (1995). A reduced gravity isopycnal ocean model: hindcasts of
El-Nino. Mon. Weather Rev., 123:2839–2863.
Sieburth, J. M., Smetacek, V., and Lenz, J. (1978). Pelagic ecosystem structure: Heterotrophic
compartments of the plankton and their relationship to plankton size fractions. Limnology and
Oceanography, 23:1256–1263.
Siegenthaler, U. and Sarmiento, J. L. (1993). Atmospheric carbon dioxide and the ocean. Nature,
365:119–125.
Simo, R. (2001). Production of atmospheric sulfur by oceanic plankton: biogeochemical, ecolog-
ical and evolutionary links. Trends in Ecology & Evolution, 16:287–294.
Singh, H. B., Tabazadeh, A., Evans, M. J., Field, B. D., Jacob, D. J., Sachse, G., Crawford, J. H.,
Shetter, R., and Brune, W. H. (2003). Oxygenated volatile organic chemicals in the oceans:
interferences and implications based on atmospheric observations and air-sea flux exchange
models. Geophys. Res. Lett., 30.
Smayda, T. J. (1997a). Harmful algal blooms: Their ecophysiology and general relevance to
phytoplankton blooms in the sea. Limnology and Oceaanography, 42(5(2)):1137–1153.
Smayda, T. J. (1997b). What is a bloom? a commentary. Limnology and Oceanography,
42(5(2)):1132–1136.
Smayda, T. J. and Reynolds, C. S. (2003). Strategies of marine dinoflagellate survival and some
rules of assembly. Journal of Sea Research, 49:95–106.
Smetacek, V. (2001). A watery arms race. Nature, 411:745.
Smith, R. C. and Baker, K. S. (1978). The bio-optical state of ocean waters and remote sensing.
Limnol. Oceanogr., 23(2):247–259.
Smith, R. C. and Baker, K. S. (1981). Optical properties of the clearest natural waters (200–
800nm). Appl. Opt., 20.
Smyth, T., Tyrrell, T., and Tarrant, B. (2004). Time series of coccolithophore activity in the Barents
Sea, from twenty years of satellite imagery. Geophysical Research Letters, 31(L11302).
Solomon, S., Garcia, R., and Ravishankara, A. R. (1994). On the role of iodine in ozone depletion.
J. Geophys. Res., 99(20):491–499.
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K., Tignor, M., and Miller,
H., editors (2007). Climate Change 2007: The Physical Science Basis. Contribution of Working
Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK and New York, USA.
Spadone, A. and Provost, C. (2009). Variations in the Malvinas Current volume transport since
october 1992. Journal of Geophysical Research, 114(C02002).


















































































I would like to thank cordially all the people involved in the realization of this work and whoever
directly or indirectly helped me to proceed with my PhD work:
I am very grateful to Prof. Dr. Astrid Bracher, who supervised my study carefully and patiently
and supported this work thoroughly by spending a lot of time on guiding me, as well as on
reviewing chapters of this thesis.
My special thanks to Dr. Marco Vountas who was always available for scientific discussions,
sharing ideas and helping. He provided me with valuable hints and technical supports, as
well as with his kind encouragements and millions of coffee pads!
I wish to express my deep gratitude to Dr. Tilman Dinter, my pleasant office-mate and friend,
who helped me a lot with scientific and technical issues, as well as reviewing carefully two
chapters of the thesis.
I wish to acknowledge Prof. Dr. John P. Burrows and Dr. Heinrich Bovensmann for their kind
supports and encouragements during my study, in particular their valuable comments as
members of my PhD committee.
I thank the rest of my colleagues (and ex-colleagues) in Phytooptics group for their nice collabo-
rations and precise feed-backs during our regular meetings: Dr. Bettina Taylor, Mariana Al-
tenburg Soppa, Mirjam Blum, Anja Bernhardt, Alexandra Cherkasheva, Sonja Wiegmann,
Elena Torrecilla, Marc Taylor, Erika Allhusen.
Many thanks to Dr. Christoph Völker for attending my PhD committees and providing me with
his clever hints and comments.
I am thankful to ESA, DLR, and the SCIAMACHY Quality Working Group (SQWG) for pro-
viding us with SCIAMACHY level-1 data. I thank also NASA-GSFC for NOBM model
data (Giovanni GES-DISC project) and the MODIS-Aqua data and RGB pictures. I am
also grateful to AVHRR, AMSR-E and FNMOC for providing SST, surface wind-speed and
MLD data, respectively.
Funding was provided by the HGF Innovative Network Funds (Phytooptics), to which I express
my appreciations.
This work is a contribution to the Earth System Science Research School (ESSReS), an initiative
of the Helmholtz Association of German research centers (HGF) at the Alfred Wegener
Institute for Polar and Marine Research. Hereby, I acknowledge both. In particular, I thank
cordially Dr. Klaus Grosfeld, the coordinator of ESSReS, for his kind supports and valuable
efforts.
Acknowledgements
My cordial appreciations to the kindness of those friends/colleagues who took part in proof-
readings of different parts of the thesis: Andreas Hilboll, Aleksandra Wolanin, Christian
Gutche, Arezoo P., Mahvash N., Arash K. and AbhinandA.. I owe them my best thanks for
their nice efforts.
I thank a lot to Dr. Vladimir Rozanov for his patient and instructive supports during our several
training sessions on SCIATRAN.
Many thanks to Farhad Shakeri and Jongmin Yoon for supporting me kindly with some graphics
in a short time.
I am thankful to all IUP members for providing the nice atmosphere surrounding us and for their
kind helps and encouragements. I also thank Petra Horn, Birgit Teuchert and Lars Jeschke
for their administrative supports.
I appreciate greatly the support and flexibility of my new colleagues, Prof. Dr. Notholt and Dr.
Mathias Palm, who gave me the opportunity to finalize the thesis in tranquility.
I thank all my friends in ESSReS because of all ideas I learned from them, as well as the nice
times we spent together during courses and seminars.
Many thanks to my co-smoker friends (active or passive Raucher!) for sharing and reducing
the stress-loads, as well as for their encouragements and friendly supports: Janina, Gregor
(passive), Luca, Wissam, Faiza and Shahin.
Many thanks to Carl Kothe and Wolfhardt Lotz for providing happy minutes in our “coffee time”
(along with Marco and Tilman). Thanks also to Martin and Jan for their nice tips during our
Thursdays lunch times. Thanks to Vladyslav Nenakhov for his coragious company during
work in IUP on Christmas vacation time!
And finally, I should thank Christoph Hoffmann for his technical advices for printing the thesis!
Additionally, I would like to express my deepest gratitude to my family members and close
friends, who patiently accepted my absebce in the tough times and besides that always encouraged
me. I owe also my cordial thanks to my earlier professors and teachers, especially Dr. Hamid R.
Sepangi and Hasan Adibi, who inspired me to pursue in science.
I greatly thank you all for your supports and kindness. Danke schön!
140 A. Sadeghi
